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1 1 1 1JUNE K. DUNNICK , A. BRIX , J. M. SANDERS , AND G. S. TRAVLOS 

1National Institute of Environmental Health Sciences, Research Triangle Park, North Carolina, USA 

ABSTRACT 

Because of the potential for exposure to N,N-dimethyl-p-toluidine (DMPT) in medical devices and the lack of toxicity and carcinogenicity infor

mation available in the literature, the National Toxicology Program conducted toxicity and carcinogenicity studies of DMPT in male and female F344/N 
rats and B6C3F1/N mice. In these studies, a treatment-related macrocytic regenerative anemia characterized by increased levels of methemoglobin and 
Heinz body formation developed within a few weeks of DMPT exposure in rats and mice. DMPT induced nasal cavity, splenic, and liver toxicity in rats 
and mice at 3 months and 2 years. DMPT carcinogenic effects were seen in the liver of male and female rats and mice, the nasal cavity of male and 
female rats, and the lung and forestomach of female mice. In rodents, DMPT is distributed to many of the sites where toxic and carcinogenic effects 
occurred. DMPT-induced oxidative damage at these target sites may be one mechanism for the treatment-related lesions. Methemoglobinemia, as seen 
in these DMPT studies, is caused by oxidation of the heme moiety, and this end point served as an early alert for other target organ toxicities and car

cinogenic responses that followed with longer term exposure. 

Keywords: N,N-dimethyl-p-toluidine; carcinogenic effects; hematologic toxicity. 

INTRODUCTION 

N,N-Dimethyl-p-toluidine (DMPT, Figure 1) is on the U.S. 
Environmental Protection Agency High Production Volume 
Chemical List with annual production estimates of 1 to 10 million 
pounds (U.S. Environmental Protection Program 2011). DMPT is 
found in a wide variety of materials, and a recent search of U.S. 
patents indicates that there are over 900 patents that describe 
products containing DMPT (U.S. Patent and Trademark Office 
2012). DMPT has been used in the preparation of acrylic bone 
cements and dental materials for over 50 years (Dillingham 
et al. 1975; Galus and Adams 1963; Linder 1976). DMPT is an 
accelerator in the redox initiator–accelerator system used 
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commercially to cure methyl methacrylate monomers, but poly

merization is rarely complete (Shintani et al. 1993; Stea et al. 
1997). Thus, there is potential for DMPT exposure to surgical 
staff, dental prosthetic device manufacturers, and users of 
DMTP-containing medical devices. 

Toxicity  to  DMPT  has been reported in  children after  acci

dental DMPT poisoning accompanied by methemoglobinemia 
(Kao et al. 1997; Potter et al. 1988). Allergic responses to DMPT 
have also been reported (Tosti et al. 1990; Vazquez, Levenfeld, 
and Roman 1998; Verschueren and Bruynzeel 1991). 

Medical devices, such as dental materials containing 
DMPT, are regulated under the 501(k) clearance process 
established by the U.S. Congress in 1976. Medical devices 
that are similar to those previously on the market are not 
required to undergo new safety testing (Challoner and Vodra 
2011). Recently, the Institute of Medicine reviewed the 
501(k) clearance process and recommended that new proce

dures should be established to obtain more safety and efficacy 
information on medical devices (Institute of Medicine of the 
National Academies 2011). Others have recommended inter

national coordination for approval of medical devices (Kra

mer, Xu, and Kesselheim 2012). 
The increased methemoglobin concentrations found in hu

mans after accidental oral consumption of DMPT-containing 
products (Kao et al. 1997; Potter et al. 1988) suggest that DMPT 
exposure can produce adverse effects. Experimental studies also 
show that DMPT is rapidly and well absorbed from the gastroin

testinal tract of rodents following oral administration (Dix, Ghan

bari, and Hedtke-Weber 2007). In this study, we expand our 
knowledge on the potential for DMPT toxicity after short- and 
long-term oral exposure in rodent models. 
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2 DUNNICK ET AL. TOXICOLOGIC PATHOLOGY 

FIGURE 1.—Observed DMPT metabolites (Kim et al. 2007) including some proposed reactive intermediates of DMPT. DMPT ¼ N,N-dimethyl-p

toluidine. 

METHOD AND MATERIAL 

Experimental Design 

DMPT (Alfa Aesar, Ward Hill, MA) was prepared for oral 
gavage administration in corn oil to deliver the target concen

trations of the chemical (as specified below) to rats in a volume 
of 2.5 ml/kg body weight and to mice at a volume of 5 ml/kg 
body weight. Male and female F344/N rats and B6C3F1/N 
mice were obtained from Taconic Laboratory, Germantown, 
NY. At the start of the study, the animals were 5 to 6 weeks 
of age. The animals were housed by species and sex, 2 to 3 
male rats per cage, 5 female rats per cage, 1 male mouse per 
cage, and 5 female mice per cage. Tap water and National Tox

icology Program (NTP)-2000 diet (Zeigler Brothers, Inc. Gard

ners, PA) were made available ad libitum. The care of animals 
in this study was according to the National Institute of Health 
procedures as described in the ‘‘The U.S. Public Health Service 
Policy on Humane Care and Use of Laboratory Animals, avail

able from the Office of Laboratory Animal Welfare, National 
Institutes of Health, Department of Health and Human Ser

vices, RKLI, Suite 360, MSC 7982, 6705 Rockledge Drive, 
Bethesda, MD 20892-7982 or online at http://grants.nih.gov/ 
grants/olaw/olaw.htm#pol.’’ 

In the subchronic studies, male and female F344/N rats (10 
animals/sex/dose) received DMPT at doses of 0, 62.5, 125, 
250, 500, or 1,000 mg/kg, and male and female mice received 
doses of 0, 15, 30, 60, 125, and 250 mg/kg for up to 14 weeks 
by oral gavage, 5 days per week (corn oil vehicle). An additional 
group of 10 male and 10 female rats for clinical pathology eva

luations at 25 days received the same doses as the core study 
groups. For the chronic studies, male and female F344/N rats and 
B6C3F1/N mice received DMPT (50 animals/sex/dose) for up to 
104 weeks at doses of 0, 6, 20, or 60 mg/kg. 

Clinical Chemistry 

Blood was collected from the retroorbital sinus for hematology 
and clinical chemistry analyses from the clinical pathology rats on 
day 25 and from surviving core study rats at study termination. On 
day 88, blood was collected from core study rats for hemoglobin 
and methemoglobin only. Blood was collected for hematology 
analyses from surviving mice at study termination. Blood for 
methemoglobin analyses (rats) was collected within 4 hr of dos

ing; otherwise, blood was collected within 24 hr of dosing. 
For hematology evaluations, erythrocyte, platelet, leukocyte 

(total and differential), and reticulocyte counts, hematocrit 
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values, hemoglobin concentration, mean cell volume, mean 
cell hemoglobin, and mean cell hemoglobin concentration 
were determined using an ADVIA 120 analyzer (Bayer Diag

nostics Division, Tarrytown, NY). Romanowsky-stained blood 
smears were evaluated microscopically for blood morphology 
and enumeration of nucleated erythrocytes/100 white cells. 
Blood smears, prepared from supravitally stained whole blood, 
were used for the enumeration of Heinz bodies (Brecher and 
Schneiderman 1950). Methemoglobin concentration was deter

mined by the method of Evelyn and Malloy (1938) using 
reagents purchased from Sigma Chemical Company (St. Louis, 
MO). Serum clinical chemistry end points, including urea 
nitrogen, creatinine, total protein, albumin, and bile acid con

centrations and activities of alanine aminotransferase (ALT), 
alkaline phosphatase, creatinine kinase, and sorbitol dehydro

genase (SDH), were obtained using a Hitachi 911 analyzer 
(Boehringer Mannheim, Indianapolis, IN) 

Necropsy and Pathology 

Complete necropsies were performed on all animals after 
sacrifice when moribund or at the end of the 2-year exposure 
period. At necropsy, all organs and tissues were examined for 
grossly visible lesions. Tissues were preserved in 10% neutral 
buffered formalin, embedded in paraffin, sectioned, and stained 
with hematoxylin and eosin. The following tissues were exam

ined microscopically from male and/or female animals: gross 
lesions and tissue masses, adrenal gland, bone with marrow, 
brain, clitoral gland, esophagus, heart, large intestine (cecum, 
colon, and rectum), small intestine (duodenum, jejunum, and 
ileum), kidney, liver, lung, lymph nodes (mandibular and 
mesenteric), mammary gland (except male mice), nose, ovary, 
pancreas, pancreatic islets, parathyroid gland, pituitary gland, 
preputial gland, prostate gland, salivary gland, skin, spleen, 
stomach (forestomach and glandular), testis with epididymis 
and seminal vesicle, thymus, thyroid gland, trachea, urinary 
bladder, and uterus. Following completion of the studies, the 
accuracy of the histopathologic diagnoses was determined by 
NTP pathology reviews (Boorman and Eustis 1986; Hardisty 
and Boorman 1986). 

Statistical Analysis 

For continuous variables, end points with a relatively normal 
distribution (e.g., organ and body weights) were analyzed using 
the parameteric multiple comparison procedures (Dunnett 1955; 
Williams 1971, 1972). Data that typically demonstrate a skewed 
distribution (e.g., hematology variables) were analyzed using the 
nonparameteric multiple comparison procedures (Dunn 1964). 
The poly-3 test, which takes survival differences into account, 
was used to assess neoplastic and nonneoplastic lesion incidence 
(Bailer and Portier 1988; Piegorsch and Bailer 1997; Portier and 
Bailer 1989). When applied to all exposure groups, this test eval

uates the significance of a dose-related trend in lesions; when 
applied to the control group and 1 exposure group, the test eval

uates the significance of the pairwise difference of lesion inci

dence in the exposed group compared to the control group. 

RESULTS 

Subchronic Study 

All male and female rats receiving 1,000 mg/kg and one 500 
mg/kg male died within the first 3 days of dosing; all others sur

vived to study termination (Table 1). For mice, 9 males and all 
females receiving 250 mg/kg died within the first 10 days of dos

ing. Additionally, 3 males and 2 females administered 125 mg/ 
kg died before the end of the study; all others survived to study 
termination (Table 1). Dose-related body weight decreases were 
observed in male and female rats (62.5 mg/kg or greater) and 
mice (125 mg/kg or greater) administered DMPT (Table 1). 

In rats, the hematology findings were consistent with a 
macrocytic, hypochromic, regenerative anemia; methemoglobi

nemia; and increased Heinz body production (Table 2). In gen

eral, these changes were dose-related, occurred at both time 
points evaluated, and involved all dosed groups of both sexes. 
The anemia was characterized by dose-related decreases in the 
erythron including decreases in hematocrit values, hemoglobin 
concentrations, and erythrocyte counts. The greatest magnitudes 
of decrease occurred in the 500 mg/kg groups on day 25; the 
decrease was greater than 20% for hematocrit and hemoglobin 
values and close to 40% for erythrocyte counts. Erythrocyte 
macrocytosis and hypochromia were characterized by increases 
in mean cell volume and decreases in mean cell hemoglobin 
concentration values, respectively. An erythropoietic response 
to the anemia was characterized by increased reticulocyte and 
nucleated erythrocyte counts. The methemoglobinemia was 
characterized by a treatment-related increase in methemoglobin 
values (percentage and absolute). At the end of the subchronic 
studies, the increase in methemoglobin ranged between 4 and 
7.5 times that of control values, depending on dose in both sexes. 
Consistent with the methemoglobinemia was the clinical occur

rence of cyanosis observed at the higher doses in the subchronic 
rat study. Erythrocyte injury was evidenced by the increased for

mation of Heinz bodies within red blood cells (Table 2 and Fig

ure 2). Besides the increased Heinz bodies, treated animals 
demonstrated an increase in the central pallor of the erythrocytes 
and increased numbers of polychromatophilic and leptocytic 
erythrocytes (Figure 2). 

At equivalent dosing concentrations, mice demonstrated sim

ilar, but less severe erythron changes compared to rats (Table 3). 
In fact, for female mice, no erythron changes were detected up to 
the highest remaining dose (i.e., 125 mg/kg) and, for males, 
inconsistent and minor decreases in hematocrit values, hemoglo

bin concentrations, and erythrocyte counts and increased reticu

locyte counts occurred in the 60 mg/kg and greater groups 
(including the lone surviving male at 250 mg/kg). Methemoglo

bin values were minimally increased in the 30 mg/kg or greater 
males and females. There were small increases in Heinz bodies 
in the 60 mg/kg females, 125 mg/kg males and females, and the 
remaining male at 250 mg/kg. 

The occurrence of treatment-related toxic lesions in the 
spleen and bone marrow of surviving male and female rats sup

ported the hematology and clinical chemistry findings. In the 
spleen of dosed rats, there was generally an increase in 
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hematopoiesis, hemosiderin deposition, and/or congestion. 
These splenic lesions were not seen in mice where the hemato

logic effect was less severe than in rats. Other splenic lesions 
observed in rats exposed to 125 mg/kg or more included con

gestion and fibrosis of the capsule. Bone marrow hyperplasia 
occurred in all groups of treated rats but not in control rats. 

In rats, at day 25, markers of hepatocellular injury, serum 
activities of ALT and SDH, demonstrated a dose-related 
increase in essentially all male and female rat dose groups; the 
high-dose animals had increases of >3-fold. By week 14, the 
increases in ALT and SDH had ameliorated or resolved in all 
dose groups (Table 1). Serum concentration of total bile acids, 
a marker of hepatic function/injury and cholestasis, was 
increased in higher dose animals; the 500 mg/kg groups were 
the most consistently affected demonstrating an *3-fold 
increase at both time points (Table 1). Another marker of cho

lestasis (alkaline phosphatase), however, demonstrated 
decreases (at day 25) or no change (at week 14). Thus, it would 
appear that the increase in bile acid concentration was not 
related to a cholestatic event. The biochemical evidence of a 
liver effect was supported by increased liver weights (from 
129 to 171% of controls in treated male rats and from 146 to 
223% of controls in treated female rats over the dose range 
of 62.5 to 500 mg/kg (Table 1). Additionally, liver weights 
in male and female mice were increased from 140 to 142% over 
the dose range of 15 to 125 mg/kg (Table 1). Histologically, 
changes in the liver were characterized by hepatocellular 
hypertrophy in rats; this change was not observed in treated 
mice (Tables 1 and 2). 

Nasal cavity lesions were seen in male and female rats at 
doses of 125 mg/kg and higher including the occurrence of 
olfactory epithelial degeneration and metaplasia, and respira

tory epithelial hyperplasia and metaplasia (Table 1). In the 
125 mg/kg mouse groups, nasal cavity lesions included degen

eration or necrosis of the olfactory epithelium and hyperplasia 
of the Bowman’s glands. Degeneration and subsequent regen

eration of the bronchiolar epithelium were present in the lungs 
of mice exposed to 125 mg/kg DMPT (Table 2). 

Chronic Study 

Because of the hematologic toxicity and body weights 10% 
lower than controls at doses of greater than 60 mg/kg in the 
subchronic studies, the high dose selected for the chronic study 
was 60 mg/kg in both rats and mice. In the chronic study, 
methemoglobin levels were measured at 3 months in rats, and 
in males, were 2 and 3.7 times that in controls in the 20 and 60 
mg/kg groups, respectively. In females, methemoglobin levels 
were 1.7 and 3.4 times that of controls in the 20 and 60 mg/kg 
dose groups, respectively (Table 3). Body weights of high-dose 
rats were reduced relative to controls. Decreased survival in 
high-dose rats was associated with DMPT-induced tumor 
development. The final mean body weights of high-dose mice 
were lower than controls, and there was decreased survival, 
particularly in high-dose females, that was considered to be 
related to tumor formation (Table 3). 

In male rats, there was an increase in hepatocellular carcino

mas at the high dose (Figures 3 and 4), and an increase in the 
combined incidence of hepatocellular adenoma and carcino

mas. This significant increase in hepatocellular tumors at the 
high dose exceeded the rate in the historical gavage controls, 
where none were seen, and the rate in the all route historical 
controls. In female rats, there was an increase in hepatocellular 
carcinomas and an increase of hepatocellular adenomas or car

cinomas (combined) at the high dose, which exceeded the rates 
in the corn oil gavage historical controls and the all routes his

torical controls (Table 4). 
In male mice, there was an increase in multiple hepatocellu

lar adenomas at the top 2 dose levels, an increase in hepatocel

lular carcinomas at the top dose level, and an increase in 
hepatoblastomas at the top 2 dose levels. The combined inci

dence of hepatocellular adenomas or carcinomas or hepato

cellular adenomas, and of hepatocellular carcinomas and 
hepatoblastomas (combined) was also significant. In female 
mice, there was an increase in the incidence of hepatocellular 
adenomas at the top 2 dose levels, an increase in the total inci

dence of hepatocellular carcinomas (total including multiple) at 
all 3 dose levels, and an increase in hepatoblastomas at the top 
dose levels. The combined incidence of hepatocellular adeno

mas or carcinomas or hepatocellular adenoma, hepatocellular 
carcinomas and hepatoblastomas (combined) at the top 2 dose 
levels was also significant (Table 3). Hepatocellular hypertro

phy was seen at the 2 highest dose levels in rats and in all 3 dose 
levels in mice (Table 3). 

In male rats, an increase in nasal cavity neoplasms occurred, 
primarily nasal cavity transitional epithelial adenomas at 60 mg/ 
kg (Table 5). A few transitional epithelial adenomas also occurred 
in the 6- and 20-mg/kg male rat groups. The occurrence of nasal 
cavity transitional epithelial adenomas in female rats—1 in the 
low-dose group and 2 at the high dose—were considered to be 
related to treatment (Table 5). Nasal tumors have not been seen 
in the corn oil gavage historical controls and in only 1 of the 
1,195 female rats in all routes of exposure historical controls. 
There were no treatment-related nasal cavity tumors in mice. 
Treatment-related nonneoplastic nasal cavity lesions occurred 
in rats including hyperplasia of the olfactory, respiratory, and tran

sitional epithelium (Table 4). Nonneoplastic lesions in the nasal 
cavity of mice were seen primarily in the high-dose group and 
were not as extensive as those observed in rats (Figures 5 and 6). 

A few thyroid tumors in male rats occurred in treated 
groups, and the incidence of follicular cell adenoma or carci

noma (8%) at the high dose exceeded the rate in the corn oil 
gavage historical controls (0–6%) and in the all routes histori

cal controls (0–6%; Table 5). In female mice, there was an 
increase in the incidence of alveolar/bronchiolar neoplasms 
(primarily adenomas) at 20 and 60 mg/kg (Table 5, Figures 7 
and 8). Female mice at the high dose had alveolar epithelial 
hyperplasia, histiocytic infiltrates, and bronchial epithelial 
regeneration and necrosis. 

The increase incidence of forestomach squamous cell papil

lomas in female mice was related to DMPT treatment (Table 5, 
Figure 9). There were significantly increased incidences of 
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TABLE 1.—Selected findings for F344/N rats in the subchronic oral gavage study of N,N-dimethyl-p-toluidine. 

Dose (mg/kg) 0 62.5 125 250 500 

A. Male rats 
Survival 10/10 10/10 10/10 10/10 9/10 
Final mean body weight (g) 327 + 2 296 + 5** 289 + 8** 252 + 5** 234 + 9** 
Final body weight (% control) — 90 88 77 72 

Hematology 
Hematocrit, % 

Day 25 49.7 + 0.3 45.0 + 0.5** 42.8 + 0.4** 40.2 + 0.5** 39.2 + 0.5** 
Week 14 46.1 + 0.4 42.1 + 0.5** 42.3 + 0.4** 42.1 + 0.4** 42.4 + 0.7** 

Hemoglobin, g/dl 
Day 25 15.3 + 0.1 13.3 + 0.1** 12.5 + 0.1** 11.8 + 0.1** 11.0 + 0.1** 
Week 14 14.8 + 0.1 13.0 + 0.2** 13.0 + 0.1** 12.9 + 0.1** 12.7 + 0.2** 

Erythrocytes, 106/ml 
Day 25 8.26 + 0.05 7.44 + 0.07** 6.79 + 0.07** 5.97 + 0.09** 5.06 + 0.05** 
Week 14 8.62 + 0.07 7.43 + 0.08** 6.94 + 0.05** 6.40 + 0.07** 6.19 + 0.07** 

Reticulocytes, 106/ml 
Day 25 0.26 + 0.01 0.50 + 0.01** 0.64 + 0.01** 0.94 + 0.03** 1.08 + 0.03** 
Week 14 0.25 + 0.01 0.50 + 0.01** 0.60 + 0.02** 0.76 + 0.01** 0.89 + 0.04** 

Nucleated erythrocytes/100 leukocytes 
Day 25 0.2 + 0.1 1.3 + 0.4* 1.3 + 0.5* 4.7 + 0.7** 21.6 + 2.1** 
Week 14 0.2 + 0.1 0.9 + 0.2* 2.0 + 0.4** 1.7 + 0.3** 3.6 + 0.6** 

Mean cell volume, fl 
Day 25 60.2 + 0.2 60.5 + 0.2 63.1 + 0.2** 67.5 + 0.6** 77.5 + 0.5** 
Week 14 53.5 + 0.3 56.6 + 0.3** 61.1 + 0.3** 65.8 + 0.3** 68.5 + 0.6** 

Mean cell hemoglobin, pg 
Day 25 18.5 + 0.1 17.9 + 0.1 18.4 + 0.1 19.7 + 0.1** 21.8 + 0.1** 
Week 14 17.2 + 0.1 17.5 + 0.1* 18.7 + 0.1** 20.1 + 0.1** 20.6 + 0.2** 

Mean cell hemoglobin concentration, g/dl 
Day 25 30.8 + 0.1 29.7 + 0.1** 29.2 + 0.2** 29.2 + 0.1** 28.2 + 0.1** 
Week 14 32.1 + 0.1 31.0 + 0.2** 30.7 + 0.1** 30.5 + 0.1** 30.0 + 0.1** 

Methemoglobin, g/dl 
Day 25 0.35 + 0.03 0.90 + 0.04** 1.56 + 0.04**a 1.95 + 0.05** 1.63 + 0.06** 
Day 88 0.38 + 0.02 1.37 + 0.08** 1.95 + 0.07** 2.29 + 0.08** 2.03 + 0.08** 

Methemoglobin, % hemoglobin 
Day 25 2.40 + 0.22 6.70 + 0.30** 12.44 + 0.41** 16.60 + 0.31** 14.75 + 0.56** 
Day 88 2.44 + 0.18 10.10 + 0.55** 15.50 + 0.48** 18.20 + 0.53** 17.67 + 0.71** 

Heinz bodies, % erythrocytes 
Day 25 0.0 + 0.0 0.0 + 0.0 2.0 + 0.6** 14.5 + 1.9** 23.5 + 2.6** 
Week 14 0.0 + 0.0 0.5 + 0.2** 2.8 + 0.3** 4.1 + 0.4** 2.9 + 0.8** 

Clinical chemistry 
Alanine amimotransferase, IU/L 

Day 25 45 + 1  56  + 2** 88 + 6** 163 + 17** 172 + 19** 
Week 14 72 + 5  52  + 4* 62 + 6  51  + 4** 58 + 7 

Sorbital dehydrogenase, IU/L 
Day 25 18 + 1  25  + 1** 40 + 2** 51 + 5** 45 + 6** 
Week 14 22 + 2  23  + 2  24  + 3  18  + 2  20  + 2 

Bile acid, mmole/L 
Day 25 12.1 + 1.9 13.5 + 2.5 22 + 4** 14.6 + 2.4 21.1 + 3.1 
Week 14 6.3 + 1.1 9.1 + 1.8 11.8 + 2.3* 13.5 + 1.6** 18.9 + 2.5** 

Histopathology and organ weight 
Liver weight 11.6 + 0.2 13.6 + 0.4* 14.9 + 0.7** 14.1 + 0.4** 14.4 + 0.9** 
Hepatocellular hypertrophy 0 2 (1.0)b 9 (1.0)** 10 (1.2)** 10 (1.8)** 
Nasal glands—hyperplasia 0 0 10 (1.8)** 10 (2.1)** 9 (2.1)** 
Olfactory epithelium—dengeneration 0 5 (1.0)* 10 (2.5)** 10 (3.0)** 10 (3.1)** 
Olfactory epithelium—metaplasia 0 0 0 9 (1.9)** 9 (2.9)** 
Respiratory epithelium—hyperplasia 1 (1.0) 2 (1.0) 7 (1.4)** 10 (1.5)** 9 (1.8)** 
Respiratory epithelium metaplasia 0 8 (1.5)** 10 (2.5)** 10 (2.8)** 9 (3.0)** 

(continued) 
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TABLE 1.—(continued) 

Dose (mg/kg) 0 62.5 125 250 500 

B. Female rats 
Survival 10/10 10/10 10/10 10/10 10/10 
Mean body weight (g) 193 + 3 183 + 3* 172 + 4** 174 + 3** 175 + 3** 
Body weight (% control) — 95 89 90 91 

Hematocrit, % 
Day 25 48.8 + 0.4 44.9 + 0.3** 43.4 + 0.6** 40.8 + 0.5** 37.0 + 0.5** 
Week 14 45.2 + 0.5 41.3 + 0.5** 40.0 + 0.6** 39.0 + 0.4** 40.7 + 0.3** 

Hematology 
Hemoglobin, g/dl 

Day 25 15.1 + 0.1 13.3 + 0.1** 12.8 + 0.2** 11.7 + 0.1** 10.8 + 0.2** 
Week 14 14.8 + 0.1 12.8 + 0.1** 12.7 + 0.1** 12.0 + 0.2** 12.4 + 0.1** 

Erythrocytes, 106/ml 
Day 25 8.36 + 0.07 7.42 + 0.07** 6.90 + 0.10** 5.93 + 0.05** 5.15 + 0.08** 
Week 14 8.16 + 0.07 6.84 + 0.08** 6.59 + 0.10** 6.08 + 0.10** 5.72 + 0.06** 

Reticulocytes, 106/ml 
Day 25 0.18 + 0.01 0.55 + 0.02** 0.62 + 0.03** 0.99 + 0.05** 1.07 + 0.04** 
Week 14 0.26 + 0.01 0.50 + 0.03** 0.54 + 0.02** 0.90 + 0.02** 1.11 + 0.04** 

Nucleated erythrocytes/100 leukocytes 
Day 25 0.4 + 0.2 1.6 + 0.3** 3.2 + 0.4** 4.1 + 0.6** 16.8 + 1.5** 
Week 14 0.7 + 0.3 1.4 + 0.3 2.2 + 0.3** 3.7 + 0.4** 5.8 + 0.7** 

Mean cell volume, fl 
Day 25 58.4 + 0.1 60.5 + 0.2** 62.9 + 0.3** 68.7 + 0.4** 71.9 + 0.6** 
Week 14 55.4 + 0.2 60.4 + 0.2** 60.7 + 0.4** 64.2 + 0.5** 71.2 + 0.5** 

Mean cell hemoglobin, pg 
Day 25 18.0 + 0.1 17.9 + 0.1 18.5 + 0.1** 19.8 + 0.1** 20.9 + 0.1** 
Week 14 18.1 + 0.0 18.7 + 0.1** 19.3 + 0.2** 19.8 + 0.1** 21.7 + 0.1** 

Mean cell hemoglobin concentration, g/dl 
Day 25 30.9 + 0.1 29.5 + 0.1** 29.4 + 0.1** 28.8 + 0.1** 29.0 + 0.2** 
Week 14 32.7 + 0.1 31.1 + 0.1** 31.9 + 0.2** 30.9 + 0.2** 30.5 + 0.1** 

Methemoglobin, g/dl 
Day 25 0.37 + 0.02 0.86 + 0.07** 1.63 + 0.05** 1.86 + 0.05** 1.65 + 0.03** 
Day 88 0.38 + 0.01 1.49 + 0.07** 2.20 + 0.13** 2.49 + 0.10** 1.75 + 0.07** 

Methemoglobin, % hemoglobin 
Day 25 2.70 + 0.15 6.40 + 0.58** 12.80 + 0.39** 16.00 + 0.45** 15.50 + 0.31** 
Day 88 2.88 + 0.13 11.20 + 0.44** 17.22 + 1.18**c 19.70 + 0.62** 16.00 + 0.42** 

Heinz bodies, % erythrocytes 
Day 25 0.0 + 0.0 0.0 + 0.0 1.5 + 0.3** 14.4 + 0.8** 21.2 + 1.8** 
Week 14 0.0 + 0.0 0.2 + 0.0** 4.8 + 0.7** 6.8 + 0.6** 16.0 + 1.8** 

Clinical chemistry 
Alanine amimotransferase, IU/L 

Day 25 34 + 1  32  + 1  43  + 1* 88 + 1** 149 + 9** 
Week 14 53 + 4  35  + 1  42  + 4  61  + 7  83  + 18 

Sorbitol dehydrogenase, IU/L 
Day 25 13 + 1  17  + 1  27  + 1  47  + 5** 60 + 4** 
Week 14 16 + 1  21  + 1* 25 + 4* 27 + 5* 24 + 5 

Bile acid, mmole/L 
Day 25 7.2 + 0.7 11.1 + 1.6 12.8 + 1.5** 11.5 + 1.6** 20.7 + 2.1 
Week 14 8.9 + 1.6 14.1 + 2.4 13.2 + 1.0 11.9 + 1.2 32.2 + 3.5** 

Histopathology and organ weight 
Liver weight (g) 6.2 + 0.1 8.6 + 0.2** 9.1 + 0.3** 10.6 + 0.2** 12.6 + 0.4** 
Hepatocellular hypertrophy 0 1 (1.0) 7 (1.0)** 9 (1.1)** 10 (2.7)** 
Nasal glands—hyperplasia 0 3 (1.0) 9 (1.7)** 10 (1.9)** 10 (2.0)** 
Olfactory epithelium—dengeneration 0 7 (1.3)* 10 (2.1)** 10 (3.0)** 10 (3.0)** 
Olfactory epithelium—metaplasia 0 0 0 7 (1.6)** 10 (2.9)** 
Respiratory epithelium—hyperplasia 0 1 (1.0) 7 (1.1)** 10 (1.7)** 10 (1.7)** 

Note. N ¼ 8 to 10 for male rat end points; N ¼ 9 to 10 per female rat end point. 
Data presented as M + SE. 
bLesion severity grade. 
*p � .05. **p � .01. 
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TABLE 2.—Selected findings for B6C3F1 mice in the subchronic oral gavage study of N,N-dimethyl-p-toluidine. 

Dose (mg/kg) 0 15 30 60 125 

A. Males 
Survival 10/10 10/10 10/10 10/10 7/10 
Final mean body weight (g) 33.6 + 1.4 35.2 + 0.5 33.0 + 1.0 33.1 + 1.0 29.5 + 0.4* 
Final mean body weight (% control) — 105 98 99 88 

Hematology 
Hematocrit (%) 46.6 + 0.6 43.7 + 0.5* 45.4 + 0.6 43.5 + 0.5** 44.7 + 0.5 
Hemoglobin (g/dl) 16.4 + 0.3 15.5 + 0.2 16.0 + 0.3 15.0 + 0.1** 15.3 + 0.1** 
Erythrocytes (106/ml) 10.82 + 0.18 10.18 + 0.14* 10.63 + 0.15 10.14 + 0.12* 10.27 + 0.10 
Reticulocytes (106/ml) 0.25 + 0.01 0.24 + 0.01 0.26 + 0.01 0.27 + 0.01 0.28 + 0.01* 
Mean cell volume (fl) 43.1 + 0.2 42.9 + 0.2 42.8 + 0.1 42.9 + 0.2 43.5 + 0.4 
Mean cell hemoglobin (pg) 15.2 + 0.1 15.2 + 0.1 15.0 + 0.2 14.8 + 0.1* 15.0 + 0.1 
Mean cell hemoglobin concentration (g/dl) 35.3 + 0.3 35.4 + 0.3 35.1 + 0.4 34.5 + 0.2 34.4 + 0.3 
Methemoglobin (g/dl) 0.35 + 0.02 0.36 + 0.02 0.42 + 0.02* 0.47 + 0.02** 0.61 + 0.03** 
Methemoglobin (% hemoglobin) 2.10 + 0.10 2.50 + 0.17 2.80 + 0.13** 3.10 + 0.10** 4.00 + 0.22** 
Heinz bodies (% erythrocytes) 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.5 + 0.1** 

Histopathology and organ weight 
Liver weight (g) 1.43 + 0.07 1.88 + 0.03** 1.72 + 0.0.09** 1.91 + 0.07** 2.01 + 0.0.04** 
Nasal glands—hyperplasia 0 0 0 0 7 (2.0)* 
Olfactory epithelium—degeneration 0 0 0 0 9 (2.9)** 
Olfactory epithelium—metaplasia 0 0 0 0 6 (2.3)** 

B. Females 
Survival 10/10 10/10 10/10 10/10 8/10 
Final mean body weight (g) 27.7 + 0.7 29.4 + 0.5 28.2 + 0.9 27.8 + 0.6 26.2 + 0.3 
Final body weight (% control) — 106 102 100 95 

Hematology 
Hematocrit (%) 44.9 + 0.4 43.8 + 0.6 45.5 + 0.6 44.9 + 0.4 46.4 + 0.7 
Hemoglobin (g/dl) 15.8 + 0.3 15.5 + 0.2 16.1 + 0.2 15.7 + 0.1 16.1 + 0.2 
Erythrocytes (106/ml) 10.42 + 0.11 10.13 + 0.15 10.57 + 0.14 10.41 + 0.07 10.64 + 0.12 
Reticulocytes (106/ml) 0.26 + 0.02 0.26 + 0.02 0.24 + 0.02 0.24 + 0.02 0.31 + 0.02 
Mean cell volume (fl) 43.1 + 0.1 43.2 + 0.1 43.0 + 0.1 43.1 + 0.1 43.6 + 0.2 
Mean cell hemoglobin (pg) 15.1 + 0.2 15.3 + 0.1 15.2 + 0.1 15.1 + 0.0 15.2 + 0.0 
Mean cell hemoglobin concentration (g/dl) 35.1 + 0.4 35.4 + 0.2 35.3 + 0.2 35.1 + 0.1 34.8 + 0.2* 
Methemoglobin (g/dl) 0.32 + 0.01 0.34 + 0.02 0.43 + 0.02** 0.53 + 0.02** 0.58 + 0.03** 
Methemoglobin (% hemoglobin) 2.10 + 0.10 2.22 + 0.15 2.60 + 0.16* 3.40 + 0.16** 3.88 + 0.13** 
Heinz bodies (% erythrocytes) 0.0 + 0.0 0.0 + 0.0 0.1 + 0.1 0.2 + 0.1** 0.5 + 0.1** 

Histopathology and organ weight 
Liver weight (g) 1.20 + 0.03 1.47 + 0.04** 1.51 + 0.06** 1.60 + 0.05** 1.71 + 0.04** 
Nasal glands—hyperplasia 0 0 0 0 7 (2.1)*a 

Note. N ¼ 7 to 10 for male mouse end point; N ¼ 8 to 10 for female mouse end points. 
Data presented as M + SE. 
aLesion severity grade (no clinical chemistry for mice; mouse hematology at week 14). 
*p � .05. **p � .01. 

squamous cell papilloma (12 and 14%) at the top 2 dose levels. In 
addition, there were increases in nonneoplastic forestomach 
lesions in female mice including epithelium hyperplasia (Figure 
10). Ulcers and hyperplasia in the forestomach occurred in treated 
male rats, but there were no treatment-related forestomach tumors 
in male rats. 

Toxic lesions in the hematopoietic system in rats included 
mesothelial hypertrophy of the splenic capsule (Figures 11 and 
12) and bone marrow hyperplasia; in female mice, bone marrow 
hyperplasia was also seen. Kidney toxicity in rats included an 
increase in the severity of nephropathy in both males and females. 

DISCUSSION 

DMPT induced toxic and/or carcinogenic effects in the hema

tologic system, liver, nasal cavity, and other organ systems in 

rats and/or mice. The hematologic toxicity was characterized 
by an increase in methemoglobin levels and a macrocytic, hypo-

chromic, responsive anemia particularly in rats. The anemia was 
defined as an insufficient concentration of hemoglobin and ery

throcytes larger than their normal volume. The mechanism for 
the anemia is thought to involve oxidative damage to hemoglo

bin leading to Heinz body formation and decreased erythrocyte 
survival. This effect is similar to methemoglobin-induced ane

mias in animals and humans after exposure to aniline and other 
nitroaromatic compounds (Dunnick, Elwell, and Bucher 1994; 
Finch 1948; Smith 1996). 

Methemoglobinemia has been observed in children ingest

ing artificial fingernail solutions containing DMPT. This effect 
is thought to arise primarily through formation of p-methylphe

nylhydroxylamine (Kao et al. 1997; Potter et al. 1988). A sim

ilar metabolite of aniline, phenylhydroxylamine, induces 
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FIGURE 2.—Representative blood smear morphology photomicrographs of control (A) and high-dose (B) animals from the 3-month gavage study 
of N,N-dimethyl-p-toluidine. Smears are from female rats at day 25. Treated animals demonstrated an increase in the central pallor of the ery

throcytes, increased numbers of polychromatophilic (long arrows), and leptocytic erythrocytes (short arrows) and Heinz bodies (arrow heads); 
leptocytes included various forms of stomatocytes, knizocytes, and codocytes. 

TABLE 3.—Selected findings for F344/N rats and B6C3F1 mice in the 2-year oral gavage study of N,N-dimethyl-p-toluidine. 

Male rats (mg/kg) 0 6 20 60 
Final survival 38 40 33 25 
Final mean body weight (g) 500 517 475 411 
Final mean body weight (% control) — 103 95 82 
Hematocrit (%) 48.8 + 0.5 48.4 + 0.4 46.5 + 0.3** 42.6 + 0.3** 
Hemoglobin (g/dl) 16.0 + 0.2 15.6 + 0.1* 14.7 + 0.1** 13.2 + 0.1** 
Erythrocytes (106/ml) 9.10 + 0.10 9.02 + 0.06 8.53 + 0.04** 7.61 + 0.06** 
Reticulocytes (106/ml) 0.25 + 0.01 0.26 + 0.01* 0.35 + 0.01** 0.69 + 0.02** 
Mean cell volume (fl) 53.7 + 0.2 53.6 + 0.2 54.5 + 0.2** 56.0 + 0.1** 
Mean cell hemoglobin (pg) 17.5 + 0.1 17.3 + 0.1 17.3 + 0.1 17.3 + 0.1 
Mean cell hemoglobin concentration (g/dl) 32.7 + 0.2 32.2 + 0.2 31.6 + 0.1** 30.9 + 0.2** 
Methemoglobin (g/dl) 0.77 + 0.04 0.88 + 0.03* 1.14 + 0.03** 2.30 + 0.03** 
Methemoglobin (% hemoglobin) 4.70 + 0.26 5.60 + 0.22* 7.90 + 0.18** 17.40 + 0.22** 
Heinz bodies (% erythrocytes) 0.0 + 0.0 0.1 + 0.1 0.7 + 0.2** 3.7 + 0.3** 

Female rats (mg/kg) 0 6 20 60 
Final survival 34 43 38 38 
Final mean body weight (g) 353 368 346 291 
Final mean body weight (% control) — 104 98 82 
Hematocrit (%) 46.9 + 0.5 45.8 + 0.6 44.2 + 0.6** 41.3 + 0.6** 
Hemoglobin (g/dl) 15.8 + 0.2 15.1 + 0.2* 14.4 + 0.2** 13.2 + 0.1** 
Erythrocytes (106/ml) 8.50 + 0.09 8.31 + 0.10 7.88 + 0.08** 6.95 + 0.09** 
Reticulocytes (106/ml) 0.24 + 0.01 0.24 + 0.01 0.35 + 0.01** 0.70 + 0.02** 
Mean cell volume (fl) 55.1 + 0.2 55.1 + 0.2 56.1 + 0.3* 59.4 + 0.2** 
Mean cell hemoglobin (pg) 18.6 + 0.1 18.2 + 0.1* 18.3 + 0.1 19.0 + 0.1 
Mean cell hemoglobin concentration (g/dl) 33.8 + 0.2 33.1 + 0.2* 32.6 + 0.2** 32.0 + 0.2** 
Methemoglobin (g/dl) 0.80 + 0.03 0.87 + 0.03 1.21 + 0.05** 2.26 + 0.07** 
Methemoglobin (% hemoglobin) 5.10 + 0.23 5.60 + 0.27 8.40 + 0.31** 17.10 + 0.41** 
Heinz bodies (% erythrocytes) 0.0 + 0.0 0.3 + 0.2* 0.9 + 0.3** 3.8 + 0.2** 

Male mice (mg/kg) 0 15 30 60 
Final survival 36 39 33 36 
Final mean body weight (g) 55.3 53.3 50.4 46.5 
Final mean body weight (% control) — 97 91 84 
Female mice (mg/kg) 0 15 30 60 
Final survival 43 43 42 34 
Final mean body weight (g) 62.8 61.0 63.9 45.0 
Final mean body weight (% control) — 101 104 84 

Note. N ¼ 10 for male and female rat hematology end points at 3 months into the 2-year studies (hematology end points for rats at 3 months; hematology end points not taken for mice). 
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FIGURE 3.—Hepatocellular carcinoma in the liver of a male F344/N rat 
administered 60 mg/kg DMPT for 2 years. H&E. DMPT ¼ N,N

dimethyl-p-toluidine. 

FIGURE 4.—Higher magnification of the hepatocellular carcinoma in 
Figure 3. There are thickened and irregular trabeculae, composed of 
pleomorphic cells, which lack normal hepatic architecture. H&E. 

methemoglobinemia in rats (Harrison and Jollow 1987). For

mation of p-methylphenylhydroxylamine (Figure 1) may be 
inferred from the presence of p-(N-acetylhydroxyamino)hippu

ric acid in urine of DMPT-treated rats (Kim et al. 2007). It 
could be speculated that DMPT-N-oxide, also detected in urine 
of rats, contributes to methemoglobinemia. Dimethylaniline 
N-oxide has been shown to autocatalyze oxidization of hema

globin (Kiese 1967). Further, methemoglobinemia has been 
attributed to formation of an N-oxide metabolite in humans 
ingesting toxic doses of the drug, zopiclone (Fung et al. 2008). 

In mice, the hematologic toxicity was less severe than in rats, 
and while methemoglobin and Heinz body formation occurred, 
consistent decreases in the circulating erythroid mass or erythron 
change were not evident. The lower methemoglobin levels in 
mice may be due in part to a higher methemoglobin reductase 
activity than in rats (Car et al. 2006; Stolk and Smith 1966) or 
may occur as the result of quantitative differences in DMPT 
metabolism between the two species. Mice receiving DMPT 

TABLE 4.—Selected liver nonneoplastic and neoplastic lesions from 
the 2-year N,N-dimethyl-p-toluidine studies F344/N rats and B6C3F1 

mice.# 

Dose (mg/kg) 0 6 20 60 

Male rats 
Hepatocyte hypertrophy 0 0 6* 31** 
Hepatocellular adenoma 0 0 1 1 
Hepatocellular carcinoma 0** 0 1 6** 
Hepatocellular adenoma or carcinomaa 0** 0 2 6** 

Female rats 
Hepatocyte hypertrophy 0 0 6* 22** 
Hepatocellular adenoma 0* 1 1 3 
Hepatocellular carcinoma 0** 0 0 4* 
Hepatocellular adenoma or carcinomab 0** 1 1 7** 

Male mice 
Hepatocyte hypertrophy 1 9** 11** 16** 
Hepatocellular adenoma, multiple 17 19 27* 26* 
Hepatocellular carcinoma (includes multiple) 22** 25 30 36** 
Hepatocellular adenoma or carcinoma 38** 44 47** 48** 
Hepatoblastoma (includes multiple) 1 5 10** 8* 
Hepatocellular adenoma or carcinoma or 38** 45 48** 48** 

hepatoblastomac 

Female mice 
Hepatocyte hypertrophy 0 11** 10** 17** 
Hepatocellular adenoma, (includes multiple) 17** 19 37** 44** 
Hepatocellular carcinoma (includes multiple) 6** 13* 18** 31** 
Hepatocellular adenoma or carcinoma 20* 25 42** 45** 
Hepatoblastoma (includes multiple) 0** 1 0 4* 
Hepatocellular adenoma or carcinoma or 20** 26 42** 45** 

hepatoblastomad 

Note. N ¼ 49 to 50. 
#Pairwise statistic is under the N,N-dimethyl-p-toluidine (DMPT) dose group 

columns; trend statistic is under the control column. 
aMale rat historical data for liver tumors in controls: Historical controls, gavage corn 

oil: 3/299 (1.0% + 1.1%), range 0 to 2%; Historical controls, all routes: 23/1,249 (1.8% + 
1.9%), range 0 to 6%. 
bFemale rat historical data for liver tumors in controls: Historical controls, gavage corn 
oil: 1/300 (0.3% + 0.8%), range 0 to 2%; Historical controls, all routes: 12/1,200 (1.0% 
+ 1.6%), range 0 to 4%. 
cMale mouse historical data for liver tumors in controls: Historical controls, gavage corn 
oil: 242/350 (69.1% + 8.0%), range 58 to 78%; Historical controls, all routes: 852/1,149 
(74.2% + 11.5), range 52 to 92%. 
dFemale mouse historical data for liver tumors in controls: Historical controls, gavage corn 
oil: 91/347 (26.2% + 12.7%), range 8 to 40%; Historical controls, all routes: 444/1,195 
(37.2% + 22.9), range 6 to 82%. 

*p � .05. **p � .01. 

by gavage excreted less p-(N-acetylhydroxyamino)hippuric acid 
in urine (as percentage total dose) than rats, indicating less 
potential formation of p-methylphenylhydroxylamine (unpub

lished NTP findings). 
Methemoglobin formation by oxidation of the heme moiety 

(Pallais, Mackool, and Pitman 2011) may be a sentinel response 
for DMPT oxidative damage that eventually resulted in carcino

genic responses in liver, thyroid, lung, or forestomach. The 
occurrence of DMPT-induced malignant liver neoplasms in rats 
and mice provided clear evidence for DMPT carcinogenic activ

ity. In rats, this included increases in hepatocellular carcinoma 
and hepatocellular adenoma or carcinoma (combined). In mice, 
this included increases in hepatocellular adenoma (increases in 
multiple hepatocellular adenoma in males and increases in mul

tiple and total incidences of hepatocellular adenoma in females); 
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TABLE 5.—Selected nonneoplastic and neoplastic nasal cavity, 
thyroid, lung, or forestomach lesions from the 2-year N,N-dimethyl-p

toluidine studies in F344/N rats and/or and B6C3F1 mice.# 

Dose (mg/kg) 0 6 20 60 

Male rats—nasal cavity 
Transitional epithelium—adenoma 0** 3 2 11** 
Transitional epithelium—carcinoma 0* 0 0 2 
Transitional epithelium—adenoma or carcinoma 0** 3 2 13** 
Glands, olfactory epithelium—adenoma 0 0 0 1 

Female rat—nasal cavity 
Transitional epithelium—adenoma 0 1 0 2 

Male rats thyroid 
Follicular cell—adenoma or carcinoma 1 2 2 4 

Female mice—lung 
Alveolar/bronchiolar adenoma or carcinoma 2** 5 9* 13** 

Female mouse—forestomach 
Squamous cell papilloma or carcinoma 1 6 6* 7* 

N ¼ 49 to 50. 
Note. #Pairwise statistic is under the N,N-dimethyl-p-toluidine (DMPT) dose group 

columns; trend statistic is under the control column. 
*p � .05. **p � .01. 

FIGURE 5.—Transitional epithelial adenoma (circled area) on the lateral 
wall in level I of the nose in a male F344/N rat administered 60-mg/kg 
DMPT for 2 years. H&E. DMPT ¼ N,N-dimethyl-p-toluidine. 

increases in multiple and the total incidences of hepatocellular 
carcinoma in males and females; increases in hepatoblastoma 
in males and females; and increases in hepatocellular adenoma, 
hepatocellular carcinoma, or hepatoblastoma (combined) in 
males and females. 

FIGURE 6.—Higher magnification of the transitional epithelial ade

noma in Figure 5. H&E. 

FIGURE 7.—An alveolar/bronchiolar adenoma in the lung of a female 
B6C3F1/N mouse administered 60 mg/kg DMPT for 2 years. The neo

plasm is a discrete lesion causing compression of surrounding lung 
parenchyma, and composed of papillary projections lined by uniform 
populations of epithelial cells. H&E. DMPT ¼ N,N-dimethyl-p

toluidine. 

Hepatocellular adenoma, hepatocellular carcinoma, and 
hepatoblastoma represent a biological and morphological con

tinuum (Takahashi et al. 2002). Hepatoblastomas are uncom

mon spontaneous neoplasms that may occur after chemical 
administration (primarily in mice) and have previously been seen 
in NTP rodent studies of benzofuran, ethylene thiourea, o-nitroa

nisole, coumarin, methylphenidate hydrochloride, 1-amino

2,4-dibromoanthraquinone, oxazepam, pyridine, primidone, and 
goldenseal. They may arise from hepatocellular adenomas or car

cinomas, and when this occurs, only the hepatoblastoma is 
recorded. Hepatoblastomas in humans account for approximately 
70% of childhood liver cancers (Darbari et al. 2003). 

In a human submandibular gland adenocarcinoma cell line 
with visible light irradiation, the photosensitizer camphorqui

none in the presence of DMPT demonstrated both dose- and 
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FIGURE 10.—Ulceration, inflammation, and epithelial hyperplasia of 
the forestomach in a female B6C3F1/N mouse administered 60 mg/kg 

FIGURE 8.—Higher magnification of the alveolar/bronchiolar adenoma 
DMPT for 2 years. H&E. DMPT ¼ N,N-dimethyl-p-toluidine. 

in Figure 7. H&E. 

FIGURE 9.—A squamous cell papilloma of the forestomach in a female 
B6C3F1/N mouse administered 60 mg/kg DMPT for 2 years. H&E. 
DMPT ¼ N,N-dimethyl-p-toluidine. 

time-dependent DMPT induction of reactive oxygen species 
(Atsumi et al. 2001). This ability of DMPT to form free radicals 
with subsequent DNA damage may explain the DMPT carcino

genic mechanism (Li et al. 2008; Masuki et al. 2007; Pereira, 
Telo, and Nunes 2008; Winter, Pagoria, and Geurtsen 2005). 
DMPT has been reported to have estrogen antagonist activity 
in vitro (yeast reporter gene assay; Nomura et al. 2003), but 
whether this activity contributes to DMPT carcinogenic activity 
is not known. 

The DMPT-induced nasal and pulmonary toxic lesions are 
not typical of gavage-associated injury or aspiration. The 
DMPT respiratory epithelial degeneration/necrosis may be due 
to cytotoxicity as a result of pulmonary/nasal epithelial cyto

chrome P450 metabolic activation resulting in production of 
toxic DMPT metabolites. Metabolic activation of specific 

FIGURE 11.—Section of the spleen with a normal capsule (arrowheads) 
and mesothelium (arrows) in a vehicle control male F344/N rat in the 
2-year gavage study of DMPT. H&E. DMPT ¼ N,N-dimethyl-p

toluidine. 

P450 enzymes such as CYP2EI and CYP2A5 are reported to 
result in olfactory epithelial damage secondary to orally admi

nistered acetaminophen to mice (Genter et al. 1998). 
DMPT belongs to the N-dialkylaminoaromatic class of com

pounds, with an aromatic amine structural alert. Carcinogenic 
arylamines undergo metabolic activation via N-hydroxylation 
followed by O-esterification (Marques et al. 1997). Members 
of the alkylaniline class of compounds, including p-toluidine 
(4-methylaniline), may form DNA adducts via this mechanism. 
It is possible that p-methylphenylhydroxyamine (Figure 1) is 
formed from DMPT leading to DNA adduct formation, espe

cially at high doses. Additionally, the p-alkylaniline structural 
alert for DMPT indicates potential formation of a reactive 
imine methide (Stepan et al. 2011; Figure 1). Electrophilic 
imine methides, functioning as nitrogen/carbon-centered free 

Downloaded from tpx.sagepub.com at NIH LIBRARY on August 5, 2013 

http://tpx.sagepub.com/


12 DUNNICK ET AL. TOXICOLOGIC PATHOLOGY 

FIGURE 12.—Section of the spleen in a male F344/N rat administered 
60-mg/kg N,N-dimethyl-p-toluidine by gavage for 2 years. Note the 
fibrosis of the splenic capsule (arrowheads) and hypertrophy of the 
mesothelium (arrows). H&E. 

radicals, are capable of damaging DNA or proteins (Grillo et al. 
2008; Nocerini et al. 1985). An imine methide is thought to be 
involved in pulmonary toxicity of 3-methylindole and hepato

toxicity of diclofenac (Grillo et al. 2008; Nocerini et al. 1985). 
Further, Deng et al. (2011) correlated covalent binding to 
plasma proteins in humans with an imine methide metabolite 
of the drug, Eltrombopag. 

DMPT toxicity correlated with the level of DMPT deposition 
in DMPT target organs. Dix, Ghanbari, and Hedtke-Weber 
(2007) reported that the highest concentrations of 14C-DMPT 
occurred in liver and kidney of rats following oral DMPT expo

sure. Similar DMPT exposures in mice resulted in high DMPT 
levels in the liver and lung (National Toxicology Program 
2012). The DMPT toxicity observed in these rodent studies is 
consistent with findings in humans where oral DMPT exposure 
caused acute cyanosis due to methemoglobinemia formation 
(Potter et al. 1988). 
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